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TO THE EDITOR
Hair is produced by a specialized skin
appendage comprising the pilose-
baceous unit and associated structures.
Hair growth, tightly regulated by growth
factors, cytokines, neuropeptides, hor-
mones, and environmental cues, is not
a continual process and cyclical hair
follicle renewal requires activation of
local reservoirs of stem cells. Seminal
work in mice localized a reservoir of
slow cycling, epithelial stem cells in
the bulge, a distinct segment of the
outer root sheath (ORS) of mouse folli-
cles (Cotsarelis et al., 1990). It is now
known that the follicle is endowed with
numerous stem cell reservoirs, including
a Lgr5þ , actively cycling cell popula-
tion in the lower ORS (Jaks et al., 2008),
and that these reservoirs express
different markers and seem to have
different functions (Jaks et al., 2010).
With respect to human hair follicles,
early work suggested the existence of
at least two pools of pluripotent cells
(Lenoir et al., 1988). In accordance with
these findings, high b1-integrin (CD29)
expression, which has been associated
with epithelial stem cells (Jones and
Watt, 1993), is observed in sections of
both the upper and lower ORS (Commo
and Bernard, 1997). In addition, keratin
19 (K19) labeling clearly identifies two
groups of putative stem cells in the hair
follicle. Although upper ORS K19þ
cells are negative for the proliferation
marker Ki67, some lower ORS K19þ
cells are Ki67þ suggesting that, as in
mouse follicles, both quiescent and
active stem cells are present in human
hair follicles (Commo et al., 2000). The
upper and lower reservoirs of K19þ
cells are not, however, identical and can
be distinguished by differential expres-
sion of K15 and CD200, more highly
expressed in the upper reservoir, and
CD271, CD29, and CD34, more highly
expressed in the lower reservoir (Inoue
et al., 2009). This differential epitope
mapping appears to not be restricted
to the ORS as the connective tissue
sheath (CTS) in conjunction with these
two reservoirs also harbors distinct
compartments. For example, one
chondroitin sulfate epitope (4C3-CS) is
specific for the upper CTS while another
chondroitin sulfate epitope (7D4-CS)
and N-sulfated D-glucuronic acid-rich
heparin sulfate (HepSS-1 epitope) are
only observed in the lower CTS
(Malgouries et al., 2008). In summary,
the human hair follicle can be charac-
terized by the presence of at least two
epithelial stem cell reservoirs that interact
with specific microenvironments.
Considering the essential role of the
niche in stem cell maintenance and
function, we are interested in micro-
environmental factors that influence
human hair follicle stem cells. The
human hair follicle is considered asAccepted article preview online 8 March 2013; published online 11 April 2013
Abbreviations: CA IX, carbonic anhydrase IX; CTS, connective tissue sheath; GLUT1, glucose transporter 1;
HIF1, hypoxia-inducible transcription factor 1; K19, keratin 19; ORS, outer root sheath
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moderately to severely hypoxic (Evans
et al., 2006) and two markers expressed
by putative stem cell reservoirs, namely
K19 and CD271, were identified as
hypoxia-induced genes (Dayan et al.,
2006). As hypoxia is a feature of several
stem cell niches (for review, see
Mohyeldin et al., 2010), the expression
of two hypoxia-induced proteins,
carbonic anhydrase IX (CA IX) (Dayan
et al., 2006; Kaluz et al., 2009) and
glucose transporter 1 (GLUT1; Dayan
et al., 2006; Tao et al., 2008) was
analyzed in human hair follicles. Scalp
tissues were obtained with written,
informed consent from male donors in
accordance with public health codes
and Declaration of Helsinki guidelines,
and with the approval of local ethics
committee and Agence Nationale de
Securite´ du Medicaments et des
Produits de Sante´, the French national
agency for the security of medical
products.
As shown in Figure 1, CA IX and
GLUT1 were readily detected, in agree-
ment with the previously reported
hypoxic status of the follicle. The
expression of both markers is restricted
to the basal cell layer of anagen follicle
lower ORS. Furthermore, a subset of CA
IXþ cells is positive for K19 (Figures 1b
and b0) as well as CD34 (Figures 1c and
c0). This particular finding is of interest
given that CD34hi cells are depleted in
bald scalps (Garza et al., 2011) and also
highlights the fact that the upper and
lower stem cell reservoirs are subjected
to very different microenvironments
with only the latter reservoir expressing
markers, and notably CA IX, suggestive
of very low oxygen levels. Interestingly,
CA IX is not expressed in the neigh-
boring and actively proliferating
matrix cells. We hypothesize that this
region of the follicle may be better
irrigated by vessels found in the dermal
papilla.
In order to investigate the potential
impact of hypoxia on hair follicle stem
and progenitor cell function, we mea-
sured the colony-forming efficiency of
ORS-derived cells, cultured under atmo-
spheric or hypoxic conditions in vitro.
It is considered that a strong clonogenic
potential is characteristic of stem
and early progenitor cells, whereas
differentiated keratinocytes lose this
clone-forming potential (Barrandon and
Green, 1987). Scalp tissue was trea-
ted with 2.4 U ml dispase (Roche,
Indianapolis, IN: 04942078001) diluted
in William’s E medium (Promocell,
Heidelberg, Germany: C-73541) and
incubated overnight at 4 1C. Following
epidermis removal, hair follicles were
extracted, placed in phosphate-buffered
salineþ on ice, and then treated for
exactly 5 minutes with trypsin-EDTA 1X
at 37 1C in order to dissociate ORS
keratinocytes. The enzymatic process
was stopped by adding medium con-
taining 10% serum and the dissociated
cells were filtered (70mm cell strainer),
centrifuged (1,000 times per minute
for 15 minutes, 4 1C), and resuspended
in DMEM-Hams F12 medium with
supplements (Fortunel et al., 2011).
The cells were seeded (1,000 cells per
Petri dish) on a feeder-layer of irradiated
3T3 fibroblasts and cultured with 21%
O2 (atmospheric conditions) or 3% O2
(hypoxia). The medium was changed at
day 3 and day 8. At day 10, the clones
DAPI GLUT1 DAPI K19 CA IX DAPI CD34 CA IX
Figure 1. Immunolabeling of human hair follicles from scalp tissue sections. (a) Rabbit anti-GLUT1 1/100 (Chemicon-ab1341, Temecula, CA) followed by
Cy 3-conjugated donkey anti-rabbit 1/100 (Jackson Laboratories-ab711-165-152, Bar Harbor, ME). Antibodies were diluted in PBS/0.05% Tween-20/10% serum;
30-minute incubations at RT. (b) Rabbit anti-CA IX 1/500 (Abcam-ab15086, Cambridge, UK) and mouse anti-K19 1/100 (Thermo Scientific, Waltham, MA)
followed by goat anti-rabbit Alexa Fluor 488 1/400 (Molecular Probes-A11008, Eugene, OR) and goat anti-mouse IgG2a FITC 1/100 (Caltag Laboratories-M32301,
Invitrogen, Carlsbad, CA). DAPI nuclei counterstaining. (b’) Magnification of image a inset. (c) Mouse anti-CD34 1/10 (Becton Dickinson-MY10, Franklin Lakes,
NJ) followed by goat anti-mouse IgG1 Alexa Fluor 488 1/600 (Invitrogen-A21121). Rabbit anti-CA IX 1/2000 followed by goat anti-rabbit IgG Alexa Fluor 546
1/400. Antibodies were diluted in Thermo Scientific Pierce Enhancer (Waltham, MA) (46644); sequential 1-hour incubations at RT. DAPI nuclei counterstaining.
(c’) Magnification of image c inset. CA IX, carbonic anhydrase IX; DAPI, 4,6-diamidino-2-phenylindole; GLUT1, glucose transporter 1; K19, keratin 19; PBS,
phosphate-buffered saline; RT, room temperature. Bar ¼ 50mm.
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were fixed with 70% ethanol, colored
(Eosin-Ral 555, wash, Blue-Ral 555),
and analyzed. Although the absolute
number of clones was not significantly
different between the two conditions,
clone size and cell density were clearly
modified under hypoxic culture condi-
tions suggesting regulatory control of
cell proliferation (Figures 2a, A, B and
G). Foci of piling-up keratinocytes were
also more readily detected under high
oxygen conditions (Figures 2a, D).
Hypoxia is believed to promote
an undifferentiated state in several
stem and precursor cell populations
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Figure 2. Impact of hypoxia and ER3721 on clone-forming efficiency and on hypoxia-inducible transcription factor 1a (HIF1a) protein levels. (a) Clone-forming
efficiency test (CFE). Outer root sheath (ORS)-derived keratinocytes were plated at 1,000 cells per Petri dish and cultured for 10 days in CFE conditions in the
presence of (A) 21% O2, atmospheric conditions (B) 3% O2, hypoxia or (C) 21% O2 with 300mM of ER3721. The experiment was performed in triplicate
and the average number of clones per Petri dish is cited. (D–F) Microscopic analysis of individual clones, magnification  20. (G) Number of clones quantified
according to clone size (mm). (b) Western blotting of HIF1a on cell extracts from ORS-derived keratinocytes cultured with 3% O2 or 21% O2 in the presence or
absence of 300mM of ER3721 for 24, 48, or 72 hours. Immunodetection was performed using mouse anti-HIF1a antibody clone mgc3, MA1-516 (Thermo
Scientific).
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(Mohyeldin et al., 2010) and our results
suggest that the lower stem cell niche of
human hair follicles may also be in
hypoxic environment. As a portion
of CD34þ stem/progenitor cells is
located in this hypoxic environment
and have been demonstrated to dis-
appear during androgenetic alopecia,
we hypothesized that the induction of
hypoxia signaling in suboptimal condi-
tions would help maintain hair follicle
stem cell functionality and hence
prevent alopecia or at least favor neo-
genesis. Hypoxia signaling is mediated
by the hypoxia-inducible transcription
factor 1 (HIF1), composed of an ab
heterodimer. The a subunit was repor-
ted to be abundantly expressed in
human hair follicles (Rosenberger et al.
2007) and is regulated in an oxygen-
dependent manner through prolyl-4-
hydroxylase-mediated hydroxylation,
which mediates proteosomal degrada-
tion (Jaakkola et al., 2001). A number of
prolyl-4-hydroxylase competitive inhibi-
tors have been designed to prevent
HIF1a degradation and pyridine-2,
4-dicarboxylate was identified as a potent
candidate (Majamaa et al., 1985). A cell
permeable precursor diethyl pyridine-2,
4-dicarboxylate, named ER3721, was
synthesized (US Patent 7,598,278B2) and
demonstrated to stabilize HIF1a levels
in ORS-derived keratinocytes as is
observed with hypoxic culture conditions
(Figure 2b). When ORS-derived cells were
grown in high oxygen conditions with
300mM ER3721, clone size and cell den-
sity were reduced as compared with
untreated samples but the effect was less
than that observed for samples cultured
with 3% O2 (Figure 2a). Toxicity experi-
ments ruled out the possibility that reduc-
tion in clone size and cell density observed
in the presence of ER3721 could be due to
a toxic effect (result not shown). Interest-
ingly, two HIF1a protein bands appear
under hypoxic culturing conditions, possi-
bly representing splice variants (Weir
et al., 2011), whereas only one band was
observed after treatment of cells with
ER3721. The significance of this finding
is not clear at this time.
In conclusion, human hair follicles
harbor at least two epithelial stem cell
compartments that share a number of
biological markers but that can also be
distinguished by the differential expres-
sion of certain proteins and their niche/
microenvironment. Although the respec-
tive role of these two reservoirs is not yet
established in humans, the fact that the
pool of CD34þ cells decreases in
androgenetic alopecia strongly suggests
that the lower reservoir is somehow
involved in hair cycle control, and
more specifically, in hair re-growth.
Protecting this lower reservoir by
maintaining hypoxic signaling might
thus figure as a previously unreported
approach to sustain hair growth and
cycling.
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